Nano Au-decorated boron nitride nanotubes: Conductance modification and field-emission enhancement Hua This letter reports the electrical and field-emission properties of Au-decorated boron nitride nanotubes ͑Au-BNNTs͒. The insulating BNNTs become metallic after Au coating as the Au coverage exceeds a critical value. The Au decoration modifies the work function of the BNNTs and, as a consequence, the field-emission current densities of Au-BNNTs are significantly enhanced. Correspondingly, the turn-on field of the Au-BNNTs is reduced to one third and the emission current density is increased by four orders in contrast to pure BNNTs. 5 have already demonstrated their stable and reliable field-emission characteristics. The BN nanotubes ͑BNNTs͒ are very promising as field emitters because they combine the increase of the fieldenhancement factor caused by the tubular shape with the surface negative electron affinity ͑NEA͒. 6, 7 In conjunction with high mechanical strength, 8 chemical stability, 9 oxidization resistance, 9 and excellent thermal conductivity, 10 BNNTs are expected to have the prospective application in flat panel displays. Nonetheless, a good electrical insulating property determines the low field-emission current density of pure BNNTs in contrast to that of carbon nanotubes ͑CNTs͒. 11 Therefore, further modifications in BNNTs are necessary to improve their field-emission property. For instance, carbon doping of BNNTs has been illustrated in the prospect to lower the turn-on fields and to subsequently increase the field-emission current densities. 12 In this letter, we propose using nanogold ͑Au͒ to decorate the surface of BNNTs in an attempt for modifying the electrical property and associated field-emission feature.
The BNNTs were synthesized using a ball milling and annealing method. 13, 14 In this procedure, amorphous boron powder was first loaded into a stainless steel planetary mill with steel balls ͑⌽25.4 mm AISI 420͒ under NH 3 atmosphere for ball milling treatment. The catalytic particles ͓iron͔ 15 were produced and mixed with boron powder in the milling process, and the content of iron particles was controlled below 1.5 at % by adjusting the milling parameters. The milled powder was then annealed at 1100°C in a quartz tube furnace in a N 2 flow of 100 ml/ min. After 15 h of annealing, a large percentage of powder was transformed into long BNNTs.
A dc magnetron sputter ͑Emitech K575X͒ was used to create nano-Au spots on the surface of BNNTs. The sputtering was carried out in Ar atmosphere ͑4 Pa͒. The sputtering current was 5 mA. The conductance of individual AuBNNTs was measured using the two-points configuration. A single nanotube was affixed on Ni electrodes using Silver paste ͑DuPont͒ and an ohmic contact was achieved after heating the sample at 400°C in the air for 10 min. I-V characteristics of nanotubes were then measured utilizing a picoampere meter/dc voltage source ͑HP 4140B͒. To investigate their field-emission properties, BNNTs were randomly disposed on a Si substrate as the cathode and a metal plate was utilized as the anode. The distance between the sample and the anode was 100 m and the measurement was carried out in a vacuum chamber with an ultimate pressure of 5 ϫ 10 −7 Pa. The emission current was measured by a Keithley 485 picoameter. Figure 1͑a͒ is a scanning electron microscopy ͑SEM͒ ͑Hitachi 4500͒ image exhibiting the typical morphology of BNNTs on a Si substrate where the BNNTs possess an average diameter of 130 nm. With the help of a high resolution transmission electron microscopy ͑TEM͒ ͑Philips CM300͒, a bamboolike structural feature is observed and the image is displayed in Fig. 1͑b͒ tube is around 1. Figure 2 shows the TEM images of Audecorated BNNTs with different sputtering times of 20, 40, 80 and 120 s, referring to Au20, Au40, Au80, and Au120, respectively. The Au spots of Au20 are separated from each other as shown in Fig. 2͑a͒ . Compared with Au20, longer coating time produces larger isolating Au spots on Au40 ͓see Fig. 2͑b͔͒ . The adjacent Au spots of Au80 start to connect and form islands, as revealed in Fig. 2͑c͒ . As the sputtering time further increased, the dimensions of Au islands expand and many of them are interlinked ͓see Fig. 2͑d͔͒ . The inset in Fig. 2͑b͒ shows that the interplanar spacing of an Au spot is approximately 0.24 nm which is identical to the interplanar spacing of Au ͑111͒ planes.
According to the conventional percolation theory 16 , the conductance of Au-decorated BNNTs is expected to deviate from that of pure BNNTs. Figure 3 shows the conductance of Au-decorated BNNTs ͑⍀ −1 ͒ with respect to the sputtering time ͑seconds͒. As indicated by the solid curves in Fig. 3 , with the sputtering time less than 120 s, the relationship between the conductance and the sputtering time can be fitted perfectly with an exponential function. However, if the sputtering time is beyond 120 s, the conductance linearly increases with the sputtering time. Figure 4 shows I-V features of Au40, Au80, and Au120 in conductance measurements. The linear relationship suggests Ohmic contact between the single nanotube and electrodes for all of samples. The TEM analyses demonstrated that the longer the sputtering time, the higher the Au coverage on the surface of BNNTs ͓see Fig. 2͔ . In addition, a quasicontinuous Au layer forms as the sputtering time exceeds 120 s. Consequently, the metallic conductance of the surface Au layer becomes dominant. Therefore, after the formation of a continuous Au layer, increasing the sputtering time further results in a linear raise in conductance, as shown in Fig. 3 . However, from the percolation theory, 17 if the Au coverage fell below a critical fraction the conductance of the Au-decorated BNNTs ͑Au20, Au40, and Au80͒ would be strongly dependent on that of the pure BNNTs. The sputtering time to obtain the coverage with the critical fraction should be around 105 s according to the same theory.
The field-emission properties of the pure and Audecorated BNNTs ͑Au40 and Au80͒ were studied as the present work concerned the electron filed emission of AuBNNTs instead of a continuous Au film. Figure 5 represents the emission current density ͑J͒ of the pure and Au-decorated BNNTs as a function of the macroscopic electrical field ͑E mac ͒ applied on samples, E mac = V / d, where V and d are the cathode-anode voltage and distance, respectively. The turn-on fields of pure BNNTs, Au40 and Au80, which are arbitrarily defined as the electrical field resulting in an emission current density of 10 nA/ cm 2 , are 18, 11, and 3.9 V / m, respectively. It is clear that the Au decoration can significantly decrease the turn-on field of the BNNT emitters. In addition, under the same macroscopic electrical field, the field-emission current density of Au40 increases about two orders in comparison with that of pure BNNTs. Similarly, the emission current density of Au80 is about two orders higher than that of Au40. These results suggest that the fieldemission properties of BNNTs can be dramatically improved by Au decoration.
Fowler-Nordheim ͑FN͒ theory 18 has been widely practiced to illustrate the mechanism of electron field emission. It describes the electron tunneling through an interface barrier. In the FN model, the field-emission current density ͑J͒ of the emitter is expressed as a function of the tip work function ͑⌽͒ and the local electrical field at the emitter surface ͑E loc ͒,
where E loc has a unit of V / m, ⌽ has a unit of eV, and J has a unit of A / cm 2 . Marcus et al. 20 constructed a relationship between E mac and E loc for an emitter of hemispherical morphology. When the distance between the emitter and the an- ode d is much greater than the radius of the emitter tip ͑r tip ͒, E loc is reciprocally proportional to r tip , ͑E loc = V / r rip ͒. A factor ␣ ͑ജ1͒ is introduced where d ӷ r tip is ungratified. In this case, E loc could be expressed as
Modifying Eq. ͑1͒ by introducing Eq. ͑2͒ and changing current density J to current I, the FN equation can be expressed as ln͑I/E mac 2 ͒ = ͑1/E mac ͓͒− 6.8 ϫ 10 10 ͑␣r tip /d͒⌽ 3/2 ͔ + offset.
͑3͒
The above equation predicts a linear relation between ln͑I / E mac 2 ͒ and 1 / E mac , i.e., FN plot. For our particular configuration and measurement condition, r tip and d are ensemble averages of randomly oriented BNNTs. 4 Because of the large quantity of nanotubes and the high uniformity of their morphology, it can be safely assumed that the values of r tip and d of the measured samples are very close to each other. Hence, variations in the work function of samples are evaluated the through the slopes S FN of FN plots. S FN = −6.8ϫ 10 10 ͑␣r tip / d͒⌽ 3/2 =−A⌽ 3/2 , A is a geometric factor and keeps constant for all our samples. The inset of Fig. 5 is the FN plots of our samples. We first use the work function 3 ⌽ ͑ϳ6 eV͒ and the S FN of pure BNNTs to acquire the constant A. Then, the work functions ⌽ of Au40 and Au80 are estimated to be 4.8 and 1.4 eV. The work function of Au40 approaches the value of pure gold ͑4.8 eV͒. 21 For Au80, the smaller work function suggests formation of a much smaller surface barrier. This indicates that Au possibly diffused into the BNNTs during the deposition so that a surface of NEA might be formed in Au80 as observed on the Au-Al 2 O 3 interface. 22 However, a detailed investigation is required to further clarify the mechanism of the dramatic decrease of the work function of Au80. Nevertheless, the results collected suggest that nano Au decoration can significantly improve the field-emission characteristics of BNNTs by decreasing the work function.
Unlike the field emission of CNTs, where the current saturation happens under high electrical fields ͑Ͼ ϳ 5 V/ m͒, 23 the emission current density of pure BNNTs does not saturate even at the much higher electrical field ͓see Fig. 5͔ . For CNTs' emitter, Zhong et al. 24 addressed that the current saturation occurred at a large emission current because contact resistance of the substrate and CNTs obstructed the supplement of electrons to the emitting sites. The current saturation of Au80 may arise from a similar mechanism because the conductance is increased to some value by Au coating.
In conclusion, the conductance of Au-BNNTs is increased with respect to the sputtering time. The Au decoration modifies the work function of the BNNTs and, as a consequence, the field-emission current densities of AuBNNTs are significantly enhanced. Correspondingly, the turn-on field of such Au-BNNTs is reduced to one third and the emission current density is increased by four orders in contrast to pure BNNTs.
